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Abstract 
The exergy analysis is a way to assess the impact of an energy system on the natural resources. In a previous paper the Authors
developed a building exergy model, called "Thermal Exergy analysis of a building". The exergy allows to assess a building from 
a Thermodynamics Second Law point of view. However the assessment result is function of the reference state chosen. In this 
paper the Authors explore the effect of the reference state thermal properties on the assessment result. To this purpose, an 
existing building has been modeled through the transient simulation software Trnsys. The model shows that the result changes 
when describing the reference state through hourly temperatures, monthly average or yearly average. The difference is low if the
temperature of the energy flows is far from the reference state temperature and high if their temperature is close to that of the
reference state. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of KES International. 
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1. Introduction and background 
The exergy analysis is a way to assess the impact of an energy system on the natural resources, the energy sources 
and the environment [1] [2] [3]. Moreover it allows to study the system-environment interactions from a Second 
Law point of view. A building is a thermodynamic system that uses energy and materilas in order to maintain its 
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functionality and to ensure thermal indoor comfort for the occupants, and not to produce work. The relation between 
building and energy sources has been explored in the IEA-Annex 49 research project [4] [5]. In the building energy 
assessment field, this relation can be summarized through the concept of Exergy Performance [6]. The Exergy 
Performance is the normalized amount of exergy that a building requires during a certain time of its life (useful 
phase). Also in the building Life Cycle Assessment field, the exergy has been applied as tool to evaluate the 
environmental building impact [7]. 
“Exergy is the maximum theoretical work that can be extracted from a combined system consisting of the system 
under study and the environment as the system passes from a given state to equilibrium with the environment - that 
is, passes to the dead state at which the combined system possesses energy, but no exergy” [8]. The exergy is a 
measure of the thermodynamic potential of an energy system that is the system ability to do work. In a previous 
paper the Authors developed a model called “Thermal Exergy analysis of a building”, (in order to describe the 
interaction between a building and its surrounding from an exergetic point of view [9]. This model allows to quantify 
the exergy inlet and outlet from a building, considering all energy and mass flows, and so to quantify the destroyed 
exergy. The exergy destruction rate can be understood as a building exergy efficiency indicator that is a building 
impact indicator. The model views the building as a “black box”, taking in to account only the flows that cross the 
system boundaries. 
The exergy analysis result is function of the chosen reference state. This topic is slightly studied in literature, as 
discussed in the following paragraph. The model is intrinsically connected to the chosen reference state and its 
thermal properties. Aim of this paper is evaluate, through transient computational study of a sample building, 
whether and to what extent the thermal properties of the reference state affect the assessment result. Particularly is 
calculated the exergy destruction rate in the sample building, describing the reference state trough hourly 
temperatures, or monthly average or yearly average. 
Nomenclature 
Ex Exergy, kWh 
ex Specific Exergy, kWh kg-1
U U-Value or thermal transmittance, W m-2K-1
T Temperature in Celsius degrees, °C 
Q Heat, kW 
W Work, kW 
ۦ Mass Flow Rate, kg s-1
Superscripts/subscripts 
 
rad absorbed solar radiation 
hu human body 
hea heat exchange through the building envelope 
f fuel 
el electricity 
avin air for natural ventilation entering in the building 
avou air for natural ventilation exiting from the building 
ac air to fuel combustion 
apc air from fuel combustion 
ahp air for chiller condensation 
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2. The reference state in the building exergy analysis 
In order to make consistent an exergy analysis, the reference state must be characterized from intensive properties 
(as temperature, pressure, etc… ) that do not significantly as a result of system-reference state interactions [10]. 
These intensive properties are accounted as uniform at any point of the reference state and time-invariant in the 
period considered. 
A first aspect to consider is the availability of the reference state to the system under study. The environmental 
impact of a building occurs both in the atmosphere, in the lithosphere and in the hydrosphere. The used reference 
environment originates from the late 1980s [11], several refinements of the selection procedure of reference 
compounds have been proposed. Valero et al. [12] give a critical overview of different reference environments and 
suggest an update of the procedure of Szargut [13][14]. However only the atmosphere is anyhow available for 
energy and mass interaction with a building. In accordance with this observation, for building exergy analysis most 
authors have taken the environmental air as reference state [15][16][17]. There are some studies related to other 
reference states. Lohani, in [18], takes in a comparative way two different reference states: the air surrounding the 
building, varied at hourly time-step, and the ground, yearly constant. These reference states are applied to the exergy 
analysis of some thermal devices that fuel a building heating system. The analysis results show that the same 
devices have higher exergy efficiencies if air-referenced than if ground-referenced. This occurrence is generalized 
from Lohani, which states that “the air reference state has less exergy requirement than the ground reference state”. 
Starting from the analysis results, the author concludes that the choice of the reference state is a very important step 
before the analysis are made. According to Lohani, the Authors believe that this is essential choice.  
A second aspect to consider is the effect of reference state temperature variations on the assessment results. This 
topic has been studied in literature from few authors.  
Rosen and Dincer [19], explore the effect of reference state characteristics variation on the energy and exergy 
analysis outcomes for a coal-fired electrical power plant. In the base case analysis the reference state temperature is 
set equal to 15 °C (that is the approximate mean temperature of the lake water cooling the plant). In the two 
comparative case analysis the reference state temperature is set equal respectively to 5 °C and 25 °C. The results 
comparison shows that, although the energy and exergy values are function of the reference state characteristics, the 
main analysis outcomes are not significantly sensitive to variations of these characteristics. 
Utlu and Hepbasli, in [20], present a parametric study that deals with the assessment of energy and exergy 
utilization efficiencies, focusing on the effect of varying reference state temperatures on these efficiencies. The 
assessment subject is the Turkish industrial sector. The reference state temperature varies between 0° and 25 °C. The 
main conclusions from this study are: 1) the variation of the reference state temperature do not significantly affects 
the exergy efficiency, conversely this variation determines a considerably effect on energy efficiency; 2) The energy 
and exergy efficiency values are found to vary respectively from 51.95% to 80.82% and from 25.30% to 29.50% 
with the reference state temperature ranging between 0 °C and 25 °C. 
In both references mentioned [19][20], the effect of different reference state temperatures is analyzed. In any 
case, once chosen a temperature value, it is accounted as constant for the whole time-extension considered in the 
analysis. From an atmospheric point of view, however, the air temperature varies continuously. This occurrence 
introduces the following third aspect. 
A third aspect to consider is the alternative between a standard reference state or a featured reference state, 
tailored to the system under study [21]. In the exergy analysis of a building, this means take in account a typical 
environment air temperature, usually 25°C [22], as reference state temperature. Alternately it links the reference 
state temperature from the local weather data (building location). The local weather data set currently from 
yearly/seasonal, or monthly, or hourly value [23]. The data come from measured or statistical-collected 
meteorological configurations. If a featured reference state is taken, arises the alternative among different variation 
step: an year/season, a month, an hour. 
According to the Model aim, the reference state temperature to the weather data is appropriate. Starting from 
these considerations, we carried out the transient computational study of a sample building, described in the 
paragraph n.4. The study aim is to evaluate whether and to what extent the thermal characteristics of the reference 
state affect the Model result. 
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3.  “Thermal Exergy analysis of a building” – The concept 
The model was presented from the Authors in [24]. We summarize here the main concept of the model, in order 
to allow a better understanding of the computational model described in the following paragraph. 
A building is an open thermodynamic system. It exchanges energy and mass flows with the surrounding 
environment. Each exchange is characterized by an associated exergy (thermo-mechanical and/or chemical) defined 
with respect to the reference state. The model does not consider the difference of pressure between system and 
surround and the wind kinetic exergy. Consequently the potential and kinetic exergy are not calculated. 
Fig. 1. “Thermal Exergy analysis of a building” model concept 
The flow diagram in Fig.1 describes the model concept. The building is considered as a “black box”: the mass 
and energy flows inlet are necessary to maintain its functionality and to ensure indoor comfort for the occupants. 
The model takes in account, for a standard building, the energy and mass flows illustrated in Fig. 2. 
Fig. 2. Energy and mass flows taken in account for a sample building 
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4. Computational model of a sample building varying the reference state temperature 
The sample building is a condo located in Firenze (Italy). It was built in ‘80s, applying the building technologies 
typical for that age. The building has been considered for the computational model because it is the same building 
considered in the Author’s paper introducing and illustrating for the first time the concept [9]. 
The external walls are composed from reinforced concrete having internal insulation in glass wool, the internal 
walls from plastered bricks, the slabs from “Predalles” plates, the windows from a single layer glazing and an 
aluminum frame. The thermal data of the building components (U-value) are reported in Table 1. 
Table 1. U-value of building components 
Building component U-value (Wm-2K-1)
External wall 0.642 
Wall between apartments and stairs 3.431 
Wall between cellars and ground 3.608 
Internal wall 3.271 
Ground floor 1.822 
External roof 1.427 
External window (glazing) 2.830 
External window (frame) 10.900 
The building has a central heating system with a condensing boiler (natural gas). Each flat has a single Domestic 
Hot Water (DHW) production system, fuelled from an electric boiler. Originally the building was devoid of cooling 
systems. Recently each flat has been equipped with an air-condensed cooling device, of type “split”. Then, the 
indoor temperature can be controlled along the entire year. The heating set-point temperature is equal to 20 °C and 
the cooling set-point temperature is equal to 26 °C. The DHW production temperature is equal to 45 °C. 
Fig. 3. Temperatures trends [°C] 
In Figure 4 are graphically shown the surrounding air temperature, utilized in the Model. 
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The building can be considered as representative of the Italian cities neighborhoods built in ’60-’80, mostly 
composed by condos. Consequently, this building is suitable for the Model aim that is make available an assessment 
method applicable to any generic building. 
The building has been modeled through transient simulation software Trnsys [25]. The geometrical and thermal 
properties has been drawn through T3D plugin [26] for SketchUp [27], as shown in Fig. 4. 
Fig. 4. Building drawing in T3D plugin for SketchUp 
In the Trnsys model were set one hour as calculation time step and one year as calculation time period. The 
hourly weather data are taken from Test Reference Year (TRY) for the city of Firenze, available on Energy Plus 
database [28]. The main outdoor temperature data, deriving from TRY, are summarized in Table 2. 
Table 2. Main outdoor temperature data for the city of Florence 
Data Temperature (°C) 
Average yearly temperature 14.2 
Minimum yearly temperature -5.3 
Maximum yearly temperature 36.3 
Average temperature in the coldest month (January) 5.1 
Average temperature in the hottest month (July) 23.8 
Seasonal Heating Degree Days 1.899 
Seasonal Cooling Degree Days 5.6 
The user profiles are described through some hourly schedulers taken from a benchmark tool developed from the 
U.S. Department of Energy [28]. These schedulers feature separately the effect of the occupants, the lighting and the 
appliances. Through these schedulers are described also the DHW consumption. In general the impact of building 
users has been set in compliance with the IEA-Annex 66 [29] research project. 
The core building model is the Trnsys Type 56 (multi-zone building model, with thermally coupled zones). The 
model reads and processes the TRY weather data through the Trnsys Type 15-3. Moreover the model describes the 
ground thermal property through the Trnsys Type 77. 
The "Thermal Exergy analysis of a building" taken in account the following flows, respectively inlet and outlet 
from the “Black Box”: 
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- natural gas for the heating system; electricity for the cooling devices, the DHW production boilers, the 
lighting and the appliances; supply water to DHW production; air for ventilation, for combustion and for the 
cooling devices condensing; 
- hot water from DHW consumption; air for ventilation and from the cooling devices condensing; products of 
combustion. 
The heat exchange through the building envelope is the energy flow inlet and outlet: the solar radiation incident 
on the building envelope (only the absorbed amount), the energy given from internal gains and humans have been 
taken in account. 
The exergy of each flow or heat exchange has been calculated through the standard formula for the exergy 
analysis. The exergy values calculation has been carried out three times: the first describing the reference state 
through hourly temperatures; the second through monthly average temperature; the third through yearly average 
temperature. As among the Trnsys standard libraries any exergy calculation tool lacks, it was necessary to translate 
the Trnsys energy results in Matlab [30], in order to implement the exergy formula for obtain the exergy results. 
The Table 3 reports the value resulting from the calculations. The Table 4 reports the relative difference (%) from 
the exergy values calculated at monthly average temperature and at hourly variable average temperature. The table 
reports also the relative difference (%) from the exergy values calculated at yearly average temperature and at 
hourly variable average temperature. 
Table 3. Yearly overall exergy flows input and output, in absolute value, varying the reference state temperature 
Flows
Exergy (kWh) 
at hourly variable 
temperature 
Exergy (kWh) 
at monthly average 
temperature 
Exergy (kWh) 
at yearly average 
temperature 
natural gas  241 854 241 854 241 854 
air flow for fuel combustion  0 0 0 
electricity for the cooling devices 10 060 10 060 10 060 
air flow for the cooling devices condensing 0 0 0 
water for DHW use  665 430 43 
electricity for DHW preparation 83 833 83 833 83 833 
heat flow from human activity 2 309 2 298 2 302 
electricity for lighting and appliances 62 598 62 598 62 598 
Solar radiation flow  97 558 97 595 97 648 
air flow for natural ventilation 0 0 0 
heat flow in through the building envelope 432 51 125 
Yearly amount of exergy inlet of each flow 498 878 498 669 498 339 
products of combustion 1 374 1 267 1 033 
air flow from the cooling devices condensing 1 407 2 660 1 826 
water from DHW  7 865 7 905 7 578 
air flow from natural ventilation 3 390 2 567 1 414 
heat flow out through the building envelope 8 928 8 840 5 481 
Yearly amount of exergy outlet of each flow 22 532 23 190 17 207 
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Table 4. Yearly overall exergy flows variation (%) among the different temperature variation time-step 
Flows
Exergy variation (%) 
at monthly average 
temperature 
Exergy variation (%) 
at yearly average 
temperature 
natural gas  / / 
air flow for fuel combustion  / / 
electricity for the cooling devices / / 
air flow for the cooling devices condensing / / 
water for DHW use  -35.3 -93.5 
electricity for DHW preparation / / 
heat flow from human activity -0.5 -0.3 
electricity for lighting and appliances / / 
Solar radiation flow  0.0 0.1 
air flow for natural ventilation / / 
heat flow in through the building envelope -88.3 -71.0 
Yearly amount of exergy inlet of each flow 0.0 -0.1 
products of combustion -7.8 -24.8 
air flow from the cooling devices condensing 29.8 89.1 
water from DHW  -0.5 -3.6 
air flow from natural ventilation -24.3 -58.3 
heat flow out through the building envelope -1.0 -38.6 
Yearly amount of exergy outlet of each flow 2.9 -23.6 
Fig. 5. Exergy values for different reference state characteristics 
In Figure 5 are shown the main exergy values of the sample building, resulting from the model. 
5. Results discussion 
Generally, the exergy analysis of an energy system is finalized to show how a system uses the inlet energy in 
order to produce an “useful product” (as for example the electricity in a power plant). Instead the purpose of a 
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building is not to produce any “useful product”, but to maintain its functionality and thermal comfort. From this 
consideration it follows that the building exergy analysis does not necessarily address to the exergy destruction rate 
minimization. Alternatively it could addresses to the inlet and outlet exergy minimization, as will be discussed in a 
following paper currently in progress. 
The results of the sample building computational study show that most of the inlet exergy is destroyed within the 
control volume, and that only a small part is transferred to the surrounding environment. In compliance with the 
model, this means that the sample building has very low exergy efficiency and therefore very high impact. The 
destroyed exergy is about 95% of the inlet exergy. There isn’t a significant difference among the three overall 
resulting exergy destruction rates, respectively calculated at yearly average temperature, at monthly average 
temperature and at hourly variable temperature. A first outcome of this study is that, considering the overall inlet 
and outlet exergy flows, and considering the overall building exergy efficiency, the reference state temperature 
variation does not affect significantly the results. A second outcome of this study is recognize the effect of each flow 
or heat exchange on the overall results, as follows. 
The absolute and relative exergy data presented in Table 3 and Table 4 show that, obviously, not all flows are 
affected from the reference state temperature variation. 
Focusing on the thermal exergy, the results allow to outline some considerations: 
- the first one is that the thermal characteristics of reference state affect less on exergy values of flows, if the 
flow temperature is distant from the reference state temperature. The sun exergy is calculated considering the 
sun surface temperature equal to 6,000 K. The temperature difference between the sun surface and the air 
surrounding the building is very high, and consequently the exergy variation (see Table 3 as reference) is 
almost inappreciable. A similar results could be reached calculating the fuel exergy as thermal exergy, 
instead of as chemical exergy, available at the combustion temperature (about 2,000 K). The sun exergy 
magnitude and the combustion exergy magnitude are such that the exergy assessment result is not 
significantly sensitive to the outdoor air temperature variation; 
- the second one is that the thermal characteristics of reference state affect more on exergy values of flows, if 
the flow temperature is close to the reference state temperature. The supply water exergy is calculated 
considering the inlet flow temperature equal to 12 °C. The temperature difference between the cold water 
and the air surrounding the building is very low, and consequently the exergy variation (see Table 3 for 
reference) is glaring; 
- the third is that, in general, the averaged temperatures of reference state lead to underestimate the exergy 
values in comparison to the hourly variable reference state temperature. However this consideration is not 
absolute. Sometimes is not verified, as for the air exiting from the heat pump in the sample building. 
The electricity exergy and the fuels exergy are considered constant respect to the reference state temperature 
variation. It can conclude that for the high temperature flows, as the sun, the percentage exergy variation is very 
low. Instead for the low temperature flows, as the air for ventilation, for combustion and for heat pump, the 
variation is very high. 
In relation to the building design, the exergetic approach lead to apply fuelling solutions that use low exergy 
energy carrier, as the geothermal heat, or to improve the efficiency of the generation devices that use high exergy 
energy carrier, as an electric heat pump in place of a gas fired boiler. Moreover lead to install solar photovoltaic 
systems, in order to take advantage from the electrical conversion of the sun radiation incident on the building 
envelope. In general the exergetic approach make able the building designers to assess their design choices under a 
perspective of exergy minimization, that is under a perspective of system impact on the environment minimization. 
6. Conclusions 
In this paper we presented an application of the “Thermal Exergy analysis of a building" model [9] that combines 
the 1st Law and 2nd Law analysis in order to assess the building impact on the environment, due to the energy use. 
We showed the effect of the variation of reference state thermal characteristics on a sample building. The building 
can be considered as representative of the Italian cities neighborhoods built in ’60-’80. Consequently the analysis 
result can be understood as representative of a wide building stock. 
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As discussed in the paragraph n. 5, the model outcomes are not significantly sensitive to the timestep variation of 
the reference state temperature. The exergy magnitude of the sun and the fuel are such that, from an overall system 
point of view, the thermal exergy interaction between the system and its surrounding affect marginally the results. 
Consequently it can conclude that the model is robust for the proposed target. 
The next step of the research is the application of the model to the comparison among different building energy 
retrofit strategies, in order to assess whether and to what extent they are able to reduce the system exergy destruction 
rate without compromise the indoor comfort and the whole building functionality. At the same time the model will 
be validated through a sensitivity analysis, currently developing, in order to check its reliability under different 
boundary conditions. 
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